The chief mechanism used by bacteria for sensing their environment is based on two conserved proteins: a sensor histidine kinase (HK) and an effector response regulator (RR). The signal transduction process involves highly conserved domains of both proteins that mediate autokinase, phosphotransfer, and phosphatase activities whose output is a finely tuned RR phosphorylation level. Here, we report the structure of the complex between the entire cytoplasmic portion of Thermotoga maritima class I HK853 and its cognate, RR468, as well as the structure of the isolated RR468, both free and BeF 3 À bound. Our results provide insight into partner specificity in two-component systems, recognition of the phosphorylation state of each partner, and the catalytic mechanism of the phosphatase reaction. Biochemical analysis shows that the HK853-catalyzed autokinase reaction proceeds by a cis autophosphorylation mechanism within the HK subunit. The results suggest a model for the signal transduction mechanism in two-component systems.
INTRODUCTION
The predominant prokaryotic signaling proteins are members of two-component signal transduction systems (TCS) (reviewed by Stock et al., 2000) . Although very widespread in bacteria, where these systems were reported originally, TCSs are found in all domains of life except for animals. The signaling pathways defined by TCSs typically consist of four steps. First, a homodimeric sensor histidine kinase (HK) is autophosphorylated by ATP at a histidine residue. Second, the phosphoryl group is relayed to an aspartate on a cognate response regulator (RR). Third, the phosphorylated RR (P$RR) interacts with genes or protein targets, triggering cellular responses. Finally, signaling is terminated by P$RR dephosphorylation by an intrinsic or HK-induced P$RR autophosphatase activity . The signal influences P$RR levels by modulating autokinase and/or phosphatase activities (Russo and Silhavy, 1993) . A single bacterial cell can contain as many as 200-300 HK-RR pairs, but normally, each HK has only one or two cognate RRs, revealing exquisite partner specificity within each HK-RR pair (Laub and Goulian, 2007) .
Most HKs are homodimeric membrane receptors. Typically, they have a variable, N-terminal, extracellular sensor domain that is connected via transmembrane helices to the C-terminal, cytoplasmic portion, which contains the catalytic machinery. In the class I HKs, which predominate in prokaryotes , the catalytic elements consist of an elongated two-helix dimerization and histidine-containing phosphotransfer (DHp) domain, which is connected to a C-terminal catalytic and ATPbinding (CA) globular domain that phosphorylates the histidine in the first step of the cascade . RRs typically consist of a highly conserved receiver domain that hosts the phosphoacceptor aspartate and an effector domain that interacts with targets. However, the effector domain may be missing and its functions taken over by the receiver domain, as in the RR studied here .
Despite there being abundant biochemical and mutational information on TCS signaling, this process is not well understood in structural terms. The atomic resolution structure of the complete cytoplasmic portion of the class I HK that is the product of gene TM0853 of Thermotoga maritima, HK853 CP , revealed the domain architecture of the intracellular part of the class I HK dimer (Marina et al., 2005) . In this architecture, the globular CA domains protrude on opposite sides of the HK dimer helical stem. This stem is composed of an N-terminal coiled coil and a four-helix bundle. The localization of the CA domains at the coiled coilDHp domain junction, far from the phosphoacceptor His260, prevented any conclusions about how the autokinase reaction takes place in HKs from being drawn. More recently, the structure of the complex formed by the two-component pair ThkA-TrrA of T. maritima was determined (Yamada et al., 2006) . While the resolution (4.2 Å ) of this structure allowed the mapping of the domains, it did not permit detailed analysis of protein-protein interactions and of the signaling process. The structure of the Spo0B-Spo0F complex of Bacillus subtilis was determined at atomic resolution, (Zapf et al., 2000) , but Spo0B has no autokinase activity, and, therefore, the relevance of this complex for understanding HK-RR pairs is uncertain. High-resolution structures of functional complexes of typical class I HK-RR pairs must be determined to understand the signal transduction process.
We now report the structure at 2.8 Å resolution of the complex formed by T. maritima HK853 CP and its cognate response regulator RR468 (encoded by gene TM0468). This structure, which may represent a paradigm for the complexes formed by any class I HK with its cognate RR, is shown to be functionally relevant by mutational studies and has allowed clarification of the architecture of the complex, unveiling HK-RR interactions and explaining structurally the exquisite partner specificity of HK-RR pairs. We also determine here the structure of free RR468 either in the absence of ligands (fRR468) or bound to the phosphoryl group mimic BeF 3 À (BeF 3 À -RR468) (Lee et al., 2001) . The comparison of these structures and of that reported previously for isolated HK853 CP (Marina et al., 2005) with the structures of the RR and HK within the complex reveals important movements in both components and sheds light on phosphorylation state recognition and on the mechanisms of the autokinase and phosphatase reactions. One suggestion that derives from these movements is that the autokinase reaction takes place in cis (that is, ATP bound to one subunit phosphorylates the His residue of this same subunit). This mechanism is confirmed experimentally here for HK853 and for the Staphylococcus aureus HK, PhoR. Thus, the current thinking that the autokinase reaction occurs universally in trans must be revised. We propose a working model for signal transduction that may guide further research into TCS function.
RESULTS

Structure Determination
For determination of the structure of the complex formed by T. maritima HK853 CP and its cognate response regulator RR468, crystals of this complex prepared in the presence of the MgATP analog MgAMPPNP (Casino et al., 2007) were subjected to X-ray synchrotron diffraction. A complete dataset was obtained at 2.8 Å resolution (Table 1) . To determine the crystallographic phases, we exploited the anomalous diffraction of Se on crystals of the complex of SeMet-substituted proteins, using the multiwavelength anomalous diffraction approach Values in parentheses correspond to the highest-resolution shell. a R merge = (SjIÀ<I>j)/SI, where <I> is the average intensity over symmetry equivalent. b R work = S k FojÀjFc k /SjFoj. R free is equivalent to R work but calculated with 5% random data omitted from the refinement.
(MAD) (Hendrickson et al., 1990) . One molecule of the complex formed by one HK853 CP dimer and two RR468 monomers was found in the asymmetric unit of the crystals (Figures 1A and 1B, and Figure S1A available online). The complex, with the expected (Casino et al., 2007 ) equimolar stoichiometry, exhibits twofold symmetry. Each CA domain of the HK853 CP dimer has one bound molecule of ADPbN (produced by AMPPNP hydrolysis [Marina et al., 2005] ), whereas each RR molecule binds one sulfate approximately at the position expected for the phosphate in P$RR468 ( Figure 1A ). In an attempt to characterize the changes associated with complex formation and with RR phosphorylation, we determined crystal structures of free RR468 without ligands (fRR468), or of RR468 bound to the phosphoryl group mimic (Lee et al., 2001 ) BeF 3 À (BeF 3 À -RR468), at 2.0 and 1.8 Å resolution, respectively (Table 1, Figure S2 ; see also the Supplemental Experimental Procedures). The BeF 3 À was bound at the expected position for the phosphoryl group at the phosphoacceptor aspartate, Asp53 ( Figure S2 ). The analysis of these three protein structures has clarified the architecture of the complex and has shed light on some of the reactions occurring in TCSs.
HK853 CP -RR468 Complex Architecture
The crystal structure of the complex shows that the RR468 molecules sit on opposite sides of the DHp domain dimer, below the phosphorylatable His260 ( Figures 1A and 1B ). In the orientation adopted by the RR468 molecules, the phosphoacceptor Asp53 is aligned with His260, favoring phosphoryl group transfer reactions involving both residues ( Figure 1A ). This alignment is possible because each RR molecule, which presents the characteristic aba sandwich fold of the receiver domain of RRs , clings to the helical stem of one HK subunit by clamping the DHp domain a1 helix between first helix (a1) and last loop (b5-a5) of the RR molecule ( Figure 1C ). In this way, helix a1 of the RR is inserted between the two DHp domain helices (a1 and a2), thus extending the bundle of four helices formed by both DHp domains to six helices ( Figure 1C ). Each RR molecule also makes lateral contacts with both HK subunits, using two mobile loops that change their orientation depending on whether the RR is phosphorylated or not (see below). One of these loops (b3-a3 loop) protrudes laterally and contacts the CA domain of the same HK subunit that interacts with this RR molecule at the stem level ( Figures 1A and 1B) . The b3-a3 loop glues together two CA domain loops (a4-b4 loop and ATP lid) that flank the entry of the nucleotide site, locking in place the bound ADPbN molecule ( Figure 1D ). These RR molecule-CA domain contacts possibly account for the observation that ATP binding influences the affinity of the HK EnvZ for its partner RR, OmpR (Yoshida et al., 2002) . The other RR mobile loop involved in lateral contacts (b4-a4 loop) interacts with the C-end of the DHp domain and with the DHp-CA domain linker belonging to the other HK subunit (HK*) of the dimer ( Figures 1A and 1E ). These interactions were inferred previously on the basis of biochemical and mutational data for EnvZ-OmpR (Hsing et al., 1998; Zhu et al., 2000) . Collectively, the contacts between both proteins are not very extensive, as expected for a transient complex, burying $1175 Å 2 of HK dimer surface per RR molecule. The largest part (885 Å 2 ) of this surface corresponds to the contacts involving the DHp stem below His260. The lateral contacts of RR468 with the CA domain and the DHp-CA domain linker are smaller (150 and 140 Å 2 , respectively).
The Conformation of HK853 CP in the Complex Sheds Light on Signaling and Autophosphorylation
The comparison of the HK853 CP structures in the present complex and in the free form ( Figure S1 ) (Marina et al., 2005) suggests not only that HK autophosphorylation occurs in cis, but also possible ways for triggering this autophosphorylation. One key difference between these two structures is the position of the CA domains. In the complex, these domains are displaced toward the phosphoacceptor His260 of the same subunit ( Figure 2A ) because of a 37 rotation around an axis passing through the DHp domain-CA domain linker (Figures 2A and 2B) . This close approach of the phosphoryl donor and acceptor of the same subunit suggests that His260 phosphorylation takes place in cis ( Figure 2A and see below). Nevertheless, His260 phosphorylation should be precluded in the present complex because the nucleotide is buried under the ATP lid, which, as already indicated, is fixed in a closed position as a result of its interactions with bound RR468 ( Figure 1D ). In contrast, the ATP lid was disordered in the free HK853 CP structure (Marina et al., 2005) . Since the RR468 molecules of this complex appear to represent P$RR (see below), the RR-triggered ATP lid closure may be a way of preventing futile cycles of P$RR dephosphorylation and immediate rephosphorylation by the HK.
The structural comparisons also suggest possible ways by which extracellular signals can affect the position of the CA domain. The 12 residues at the N terminus of HK853 CP are disordered in the complex, whereas they participate in the coiled coil formed by the initial three turns of helix a1 in the free HK (Figures 2B and S1) (Marina et al., 2005) . A rotation of these helices of up to 20
(value for the first turn of helix a1 that is visible in the complex) ( Figure 2C ) appears to underlie the unfolding of these initial three turns. A similar 26 cogwheel rotation was reported in HAMP domains in the transmission of the extracellular signal to the cell interior (Hulko et al., 2006) . A concerted and inverse twist of the a2 helices is also observed in the complex, reflecting the required readjustments of DHp dimer packing to accommodate the helix a1 movements ( Figure 2C ). These packing changes expose parts of the hydrophobic core of the DHp dimer (particularly the side chains of residues F254, I255, and F312), promoting novel interactions with hydrophobic residues of the CA domain ATP lid (particularly F428 and L444) of the same subunit ( Figure S3 ), which result in the changed position of the CA domain. These CA domain changes may be a prerequisite for autophosphorylation, and the cogwheel motion of the helices may connect the extracellular signal to the HK function (see Discussion).
The Complex Represents a Snapshot of HK-Activated P$RR Dephosphorylation
RRs exhibit different conformations depending on whether they are phosphorylated or not . RR468 in the present complex presents the P$RR conformation (Figures 2D and S4) . This is reflected in the excellent superimposition ( Figure 2D ) of its structure with that of BeF 3 À -RR468 (rmsd for the superimposition of all Ca atoms, 0.7 Å ). In contrast, the superimposition with fRR468, which represents the non-phosphorylated form, is poorer (rmsd, 1.9 Å ) ( Figure 2D ). The conformational traits that characterize P$RRs include the hydrogen bonding of the phosphate to a conserved Thr/Ser, an associated characteristic bending of the b4-a4 loop, and the burying of a hydrophobic residue of strand b5 that is exposed in the nonphosphorylated form of the RR. All of these features are present in the RR468 molecules of the complex and in BeF 3 À -RR468. In the complex, the phosphate is replaced by a sulfate ( Figures 2D,  2E , S4, and S5), and the residue involved in the hydrogen bond is T83, whereas the hydrophobic buried residue is V105 (Figure 2D ). The sulfate is sandwiched between the gO of the phosphoacceptor Asp53 and the 3N of His260 of HK853, occupying an essentially equivalent location and replicating the contacts of the BeF 3 À in BeF 3 À -RR468 ( Figures 2D, 2E , and S5). These contacts include, in addition to the indicated hydrogen bond, the coordination to a Mg that is typically found in the active centers of P$RRs (Lewis et al., 1999) (Figures 2D and 2E) . In these RR468 molecules, the b3-a3 loop also has a bent conformation found in P$RR molecules ( Figures 2D and S4 ). This conformation is known to be important for P$Asp stability (Zapf et al., 1998) and allows the accommodation of the bound sulfate in RR468. In contrast, the sulfate cannot be accommodated in fRR468, given its different b3-a3 loop conformation ( Figure S6 ). This characteristic bending of the b3-a3 and b4-a4 loops is essential for the RR468 molecules of the complex to come into contact with the DHp-CA linker and the CA domain of the HK ( Figures 1A, 1D , and 1E). Therefore, it is clear that this complex must correspond to the binding of phosphorylated RR468 to HK853. In many TCSs like HK853, the HK can catalyze the dephosphorylation of the P$RR, in a process that involves the phosphoacceptor His . The P$Asp of P$RR468 is highly stable in the absence of HK853 (t 1/2 for dephosphorylation at 4 C, $19 hr) even at the elevated living temperature of T. maritima (t 1/2 at 80 C, $2 min). However, P$RR468 was dephosphorylated instantaneously in the presence of wild-type HK853, but not of in the presence of its H260A mutant ( Figure S7 and the Supplemental Results). HK-activated dephosphorylation is not believed to be a simple reversal of RR phosphorylation . In the dephosphorylation reaction, the phosphorylatable His would act as an activating base, rendering one water molecule a strong nucleophile for attacking the phosphorus atom of the P$Asp (Hsing and Silhavy, 1997; Lukat et al., 1991) . In this mechanism, the water molecule would be interposed between the activating N atom of the imidazole ring and the targeted phosphorus atom. The active center of the present complex agrees with this mechanism of P$RR dephosphorylation. One O atom of the sulfate sits between the sulfur center and the 3N of His260 and is aligned with these two atoms. Thus, it may correspond to the proposed water molecule ( Figure 2E ). In the active center of the complex, the distance between the 3N atom of His260 and the dO atom of Asp53 (7.9 Å ) is 2.6 Å greater than the separation (5.3 Å ) between the corresponding atoms in the BeF 3 À -containing Spo0B-Spo0F complex ( Figure S8 ), which is believed to represent the His-Asp phosphoryl transfer (Varughese et al., 2006) . This extra space would be sufficient to accommodate the attacking water molecule. Other sulfate-interacting groups from RR468 ( Figure 2E ) provide positive charges (xN of K105; Mg
2+
) and donate hydrogen bonds (N atoms of I54, M55, and A84 and gO of T83) that should neutralize or shield the negative charge on the phosphate, assisting phosphoryl transfer to the water molecule. Therefore, the entire active center of the complex appears well suited for dephosphorylation.
Mutational Evidence for the Functionality of the Complex
To test the occurrence of the present complex in solution and to corroborate its functionality, we performed site-directed mutagenesis experiments in which we replaced residues predicted by the structure to be important for HK-RR interaction. The HK853 mutations T267D and Y272D and the RR468 mutations I17N and F20N affect residues of helix a1 of each partner ( Figure 3A ) that are involved in the six-helix bundle formed in the complex. These mutations were not detrimental to the stability or the purification of the proteins (data not shown). The mutant proteins were competent for HK853 CP autophosphorylation and RR468 phosphorylation by acetylphosphate (Figure 3) , consistent with their proper folding. However, native electrophoresis of HK853 CP -RR468 mixtures revealed that Y272D, I17N, and F17N prevented HK-RR complex formation and that T267D drastically decreased complex stability ( Figure 3B ). In agreement with these effects, each of the four mutations abolished or greatly hampered both the phosphoryl transfer from the HK to the RR (determined as RR468-triggered dephosphorylation of 32 P$HK853 CP ) and the HK-catalyzed dephosphorylation of P$RR468 (assessed by electrophoretic quantification of the phosphorylated fraction of RR468). Under the same conditions, these reactions were essentially complete when the wild-type proteins were used ( Figures 3C and 3D) . Furthermore, the residues identified in elegant mutagenesis and protein engineering experiments to determine the specificity of EnvZ for its cognate RR (Skerker et al., 2008) are fully consistent with the structure of the present complex (see Figure 4 and the Discussion). In summary, the mutational data support the relevance of our present structure for understanding the functionality of complex formation in vivo, not only for the HK853-RR468 pair, but also for other TCSs.
HK853 Autophosphorylates Itself in cis
Autophosphorylation of EnvZ and NtrB was shown to take place in trans (that is, the CA domain of one subunit provides the ATP and catalyzes the phosphorylation of the phosphoacceptor His of the other subunit) (Ninfa et al., 1993; Yang and Inouye, 1991) , and thus HKs are believed to autophosphorylate universally in trans. However, the present complex structure favors cis autophosphorylation of HK853. In the position of the The two proteins were wild-type or mutant as indicated.
(D) HK-induced dephosphorylation, assessed by native PAGE of P$RR468. After phosphorylation of RR468 (either wild-type or mutant) with acetylphosphate, P$RR468 was mixed with a 12-fold lower amount of the indicated form of HK853 CP and subjected to native electrophoresis and Coomassie staining to visualize the bands of the phosphorylated and nonphosphorylated RR468 (indicated with arrows; the bands for HK853 CP and for the complex are also indicated, and vertical lines separate different gels).
CA domain observed in the complex, the b-phosphorus of bound ADPbN is much closer (distance $11 Å ) to the His260 3N of the same subunit than to the same atom of the other subunit (distance $24 Å ) ( Figure 2A ). For ATP binding, the distance of the ATP g-phosphorus to the His260 3N could be as little as 6 Å (assuming a different but allowed frequent rotamer of the His side chain, Figure S9 ), a mere 1.1 Å longer than the optimal distance for dissociative phosphoryl group transfer (Mildvan, 1997) , thus placing the His within reach for phosphorylation. We have experimentally confirmed that HK853 undergoes autophosphorylation in cis by using the classic approach of forming heterodimers of wild-type and mutant HK forms (Ninfa et al., 1993) . The mutations were either the substitution of the acceptor His with Ala (H260A mutation) or a CA domain double mutation (A) Structural alignment of HK853 with EnvZ (structures of its two domains given in PDB files 1JOY and IBXD) and with helices a1 and a2 of Spo0B (structure taken from the complex with Spo0F, PDB file 1F51). (B) Structural alignment of RR468 with Spo0F (PDB file 1F51). Secondary structure elements of HK853 CP and RR468 are shown above the alignments as cylinders and arrows for a helices and b strands, respectively. Some connectors are shown as downward-facing blue brackets and are labeled. The residues involved in DHp-stem-RR468 interactions in the present complex and in the Spo0B-Spo0F complex (Zapf et al., 2000) are shown in white lettering over a blue background, whereas those residues of our complex participating in the interactions involving the CA domain and the DHp-CA and interdomain linker are shaded green. In Spo0F, the residues of the b3-a3 and b4-a4 loops that participate in contacts with the globular domain of Spo0B are also shaded green (Zapf et al., 2000) . Highly conserved residues in HKs or in RRs are shaded gray, and phosphoacceptor residues are shown in a red background. The magenta-colored residues in EnvZ were those that when swapped together with the a1-a2 linker (shaded cyan) for the corresponding sequences of other HKs, rewired EnvZ specificity for the RR partner (Skerker et al., 2008) . RR helix a1 residues identified by coevolution analysis as being important for partner specificity (Skerker et al., 2008) are indicated with an arrowhead. The lines between the aligned sequences indicate positions of mutations in the present or in other HK-RR pairs that were demonstrated or inferred to prevent complex formation (present results and Qin et al. [2003] , Saito et al. [2003] , and Tzeng and Hoch [1997] ). (C) Surface representations of the HK853 CP dimer (left) and RR468 molecule (right) highlighting in color the residues (labeled) shown by the structure of the complex to participate in HK853 CP -RR468 interactions. The phosphoacceptor residues H260 and D53 are colored in red. The color code for the interacting residues is that given in (A) and (B). The magenta-colored surfaces mark partner specificity-determining residues inferred from studies on EnvZ (Skerker et al., 2008) .
(N380A/D411A) that prevents phosphorylation by affecting the ATP binding site. The triple mutant (H260A/N380A/D411A) was also prepared. To distinguish wild-type and mutant forms, we exploited the difference in subunit mass between the full-length (HK853 FL ) and the cytoplasmic portion of HK853, preparing both forms as either wild-type or carrying the desired mutations. The purified HK853 FL and HK853 CP homodimers were dissociated to monomers by urea-heat treatment, and then, after these monomeric solutions were mixed and the urea was dialyzed out, HK853 FL /HK853 CP heterodimers were produced (see Figure 5A ). They were soluble, stable, and functional and migrated in native PAGE as a well-resolved band intermediate in size between the heavy and light bands of the HK853 FL /HK853 FL and HK853 CP / HK853 CP homodimers ( Figure 5B ). The first column gives an identification number from 1 to 9 for mixtures of the full-length HK853 (FL; long, dark-gray cylinders) and its cytoplasmic portion (CP; short, lighter cylinders) either of wild-type (H and ATP) or carrying inactivating mutations (indicated by a circle crossed with a line) at the phosphoacceptor His (H260A mutation), at the ATP binding site (double mutation N380A/D411A), or at both sites. The same column schematizes the composition of the heterodimer formed in each mixture. The wild-type homodimers are called FL wt and CP wt . The expected results for cis and for trans autophosphorylation and the actual experimental result observed in the autophosphorylation assay are given for each heterodimer in the next three columns by red coloring and by marking with a P the subunit that should be or that is found to be phosphorylated. (B-E) Electrophoretic analyses of the different mixtures (each mixture is identified by the number above the lane; vertical lines separate different gels) for dimer composition revealed by Coomassie staining (B) and autophosphorylation pattern revealed by 32 P radioactivity detection (C and D). Each panel indicates the type of electrophoresis (either native or with SDS) used. In (E), the heterodimer bands for lanes one to nine were excised and subjected to SDS-PAGE and PhosphorImager analysis, to clarify which type of subunit in the heterodimer was labeled.
(F) Time course of autophosphorylation of S. aureus PhoR heterodimers of the normal cytoplasmic portion (short PhoR) and of an elongated form (long PhoR) depending on whether the wild-type or the N456A mutant of the short form was present in the heterodimer. The phosphorylated forms were separated by SDS-PAGE and visualized. Wild-type homodimers of the short or long forms were also autophosphorylated and used as controls.
After incubation of the different heterodimers with [g-32 P] ATP, native PAGE was performed, yielding results that were diagnostic of cis phosphorylation. For example, for mixtures 6 and 8 shown in Figure 5A , the HK853 FL /HK853 CP heterodimer could be labeled only through cis phosphorylation. Indeed, the intermediate band observed in native PAGE, corresponding to the hybrid HK dimer, was labeled ( Figure 5C ). Conversely, for mixtures 5 and 9, the heterodimer could only be labeled if there were trans phosphorylation. However, the band was not labeled, and thus trans phosphorylation was ruled out ( Figure 5C ). Furthermore, all the predictions consistent with cis phosphorylation ( Figure 5A ) concerning which subunit (HK853 FL or HK853 CP ) should be labeled were confirmed by autoradiography of SDS-PAGE of both the whole mixture and the isolated heterodimer band excised from native PAGE gels (Figures 5D and  5E ). In all cases, the phosphorylated band corresponded to the protomer that could catalyze its own autophosphorylation. There was no observation of trans autophosphorylation. No protomer carrying both His260 and a defective ATP binding site, irrespective of it being a part of homodimers or heterodimers, was phosphorylated, even in the presence of excess wild-type HK853 CP or HK853 FL homodimers (see lanes 2 and 3 in Figure 5D ). Therefore, HK853 presents a strict cis autophosphorylation mechanism.
PhoR Also Undergoes cis Autophosphorylation
To test whether cis phosphorylation occurs in other HKs, we analyzed the phosphorylation mechanism of PhoR from S. aureus, a class I HK that exhibits 39% sequence identity with HK853 CP . We generated the wild-type form (PhoR-short) of the PhoR cytoplasmic portion and an elongated form (PhoRlong) with a 22 residue His 6 tag at its N terminus. The coexpression of both forms in Escherichia coli yielded two types of homodimers (short-short and long-long) as well as the heterodimer (short-long) that were purified by chromatography. In addition, the CA domain mutation N456A (the equivalent to N380A of HK853) was introduced into the short form to render it unable to catalyze phosphorylation. The long and the short chains were phosphorylated when the purified heterodimer of the wild-type species was incubated with [g-32 P] ATP. In contrast, when the short chain of the heterodimer carried the N456A mutation, only the long chain was phosphorylated (Figure 5F ). This result indicates that the chain which binds ATP is the same that is autophosphorylated, again consistent with phosphorylation occurring exclusively in cis.
DISCUSSION
The present structure of the HK853 CP -RR468 complex may be representative of a wide variety of TCS complexes. The previously reported low-resolution structure of the ThkA-TrrA complex (Yamada et al., 2006) , which involves a class I HK, can now be seen as having a quite similar architecture to that of the present complex. This appears to be also the case for the Spo0B-Spo0F complex of B. subtilis (Varughese et al., 2006; Zapf et al., 2000) , despite the fact that Spo0B is not a class I HK, is not membrane linked, has no autokinase activity (Spo0B has transphosphorylation activity), and presents only a rudimentary CA domain with no ATP site. Despite these very important differences with HK853, the interactions between Spo0B and Spo0F (the RR component) replicate those in the HK853 CP -RR468 complex ( Figures 4A and 4B) . Thus, they involve the clamping of the Spo0B a1 helix between helix a1 and the b5-a5 loop of Spo0F, and the contacts of the Spo0F b3-a3 and b4-a4 loops with the globular domain of one Spo0B subunit and the end of helix a2 of the other Spo0B subunit, respectively. Given these similarities for relatively distant complexes, the HK853 CP -RR468 complex is most likely a good model for the structure-based interpretation of the observations made with a large variety of TCSs.
In line with the above conclusion, the residues previously identified in other HK-RR pairs as being important for complex formation (Qin et al., 2003; Saito et al., 2003; Tzeng and Hoch, 1997) correspond to amino acids that mediate intermolecular contacts in the present complex structure ( Figures 4A and 4B ). Indeed, previous NMR studies indicated that the cytoplasmic end of the DHp domain of EnvZ interacts with OmpR (Tomomori et al., 1999) , and the present structure fully corroborates this finding for HK853-RR468. As already indicated, the contacts characterized in the complex provide the structural basis for understanding partner specificity in TCSs, fully agreeing with the studies of Laub's group (Skerker et al., 2008) with EnvZ. The seven nonconserved HK residues in these latter studies found to be crucial for selecting the cognate RR partner correspond to HK853 residues (T267, A268, A271, Y272, T275, V294, and Q298) shown by the present structure to be centrally involved in the interactions with RR468 (Figures 4A and 4C ; Table  S1 ). The counterpart RR468 residues involved in these interactions also include the cluster of nonconserved residues (L14, I17, F20, and N21) of helix a1 of the RR that was proposed (Skerker et al., 2008) to be important for HK partner selection. The loop connecting HK helices a1 and a2, which has also been shown (Skerker et al., 2008) to be important for partner selection, is confirmed here to be involved in the interactions with the RR with the participation of two variable residues of this connector (E282 and L283) and of helix a1 of RR468 (F20 and K24) (Figure 4) . Additionally, the structure of the complex reveals the involvement of five previously unrecognized variable residues in partner recognition that mediate intermolecular interactions (E290, F291, and E303 in helix a2 of HK853, and K16 and K24 in helix a1 of RR468) (Figures 4A and 4B ; Table S1 ).
The present structure also may explain why certain mutations of the ATP lid and the ''X region'' (corresponding to the C end of the DHp domain and to the DHp-CA domain connector) of the HK abolish RR dephosphorylation without abolishing RR phosphorylation or HK autokinase activity (Atkinson and Ninfa, 1992; Brandon et al., 2000; Depardieu et al., 2003; Hsing et al., 1998) . Since these two HK regions interact with the two RR loops (b3-a3 and b4-a4 loops; Figures 1D and 1E ) that change the most upon RR phosphorylation, the interactions mediated by these two HK regions may play key roles for the specific recognition of P$RR and could thus be altered by the mutations affecting them. Effective catalysis of P$RR dephosphorylation by wildtype HK requires the bound RR, once dephosphorylated, to be replaced with a new P$RR molecule. This replacement may be triggered by changes in the b3-a3 and b4-a4 loops of the RR, since these loops should revert to the nonphosphorylated conformation upon dissociation of the phosphate.
An unanticipated conclusion of the present studies is that HK853 and PhoR autophosphorylate in cis. Since these class I HKs have highly conserved cytoplasmic portions, other HKs are likely to autophosphorylate by a cis mechanism. On the other hand, trans phosphorylation was conclusively and elegantly demonstrated in EnvZ and NtrB (Ninfa et al., 1993; Yang and Inouye, 1991) . Therefore, some HKs are autophosphorylated in cis and others in trans. This apparently drastic difference may be explained by comparison of the structures of the DHp domains of the HK853 CP and EnvZ dimers. Whereas the four helices in the bundle superimpose well in the two proteins, the connections between helices a1 and a2 are left-handed in EnvZ (Tomomori et al., 1999) and right-handed in HK853 ( Figure S10 ). Thus, cis phosphorylation of HK853 would correspond to trans phosphorylation in EnvZ, and, therefore, the autophosphorylation of the two proteins, although topologically nonequivalent, would appear to be structurally identical.
A model for TCS signaling can be proposed on the basis of the present and previous structures (Figure 6 ). The portion of the DHp domain which is upstream of His260 must be signal transducing, since it is the only region of the HK molecule that connects the transmembrane helices to the remainder of the molecule. Furthermore, it can undergo large conformational changes, as attested by its coiled-coil structure in free HK853 CP and by its disorder in the present complex. Similarly to the cogwheel rotation around an axis that is perpendicular to the membrane in the signal-transducing helices of the HAMP domain (Hulko et al., 2006) , the 20 rotation observed here in the top turn of the a1 helix could well be the signal-transducing event connecting extracellular signals to the catalytic inner part of the HK. The changes described above in the surface exposed by the DHp domains, resulting from the cogwheel effect of this helix rotation, would alter the interactions of the DHp domain with the CA domain, triggering movements of the CA domains resembling those observed in the structures discussed here. The importance of the interactions with the DHp domain in determining the position of the CA domain are reflected in the observed strict symmetry of the two CA domains in free (Marina et al., 2005) and complexed HK853 CP dimers, which in turn reflects the compulsory symmetry of the DHp domain dimer. These CA domain movements may place the nucleotide site near the phosphoacceptor His, favoring His phosphorylation (Figure 6, center) , and/or they may result in the presentation of a docking site for the binding of the nonphosphorylated or of the phosphorylated cognate RR (the case observed in the present complex), depending on the signal transduction mechanism of the TCS (Figure 6 ). In addition to being supported by all the existing structural evidence, this model is also supported by the observation that movement-restricting mutations in either the coiled-coil or the CA domain strongly influence HK signaling Marina et al., 2005; Tao et al., 2002) . Therefore, this model provides opportunities to further investigation into the mechanism of signal transduction in TCSs.
While this manuscript was being revised, a structure was reported (Bick et al., 2009 ) of the cytoplasmic domain of class I HK KinB in complex with the inhibitory protein Sda. The latter protein, although neither being a phosphoacceptor nor resembling RRs, binds at a site on the HK that overlaps with the site predicted from our present studies for the cognate RR, suggesting competitive inhibition of signaling. The CA domains of this structure are indicative of a movement resembling that of the CA domains in our complex structure, and the hydrophobic core of the DHp domain is also exposed, again resembling our structure, which supports our interpretation of the linking of DHp domain changes with CA domain movements.
EXPERIMENTAL PROCEDURES
Production of Wild-Type and Mutant Proteins Pure HK853 FL , HK853 CP (residues 232-481), and RR468 were produced as reported (Casino et al., 2007; Marina et al., 2005) . Production of the cytoplasmic portion (residues 316-554) of S. aureus PhoR is described in the Supplemental Data, yielding the wild-type protein (PhoR-short) or a form with a 22 residue His 6 tag fused to its N terminus (PhoR-long). Site-directed mutagenesis was carried out with a commercial kit (Quickchange kit; from Stratagene, La Jolla, CA) and the appropriate oligonucleotide pairs (Table S2 ). The presence of the desired mutations was confirmed by sequencing. Mutant proteins were purified similarly to the corresponding wild-type forms. SeMet-substituted proteins were prepared by in vivo labeling (Doublie, 1997) , with the Metenriched I370M/V373M double mutant used in the case of HK853 CP (Marina et al., 2005) . Confirmation of complete SeMet incorporation was obtained by MALDI-TOF mass spectrometry.
Crystallization, Data Collection, and Model Building Crystals were grown in hanging drops at 21 C, by the vapor-diffusion approach. The crystallization of the HK853 CP -RR468 complex in the presence of 4 mM AMPPNP and 3 mM MgCl 2 , with a crystallization mixture consisting of 1.7 M (NH 4 ) 2 SO 4 , 2% dioxane, and 0.1 M Na citrate (pH 5.6) has been previously reported (Casino et al., 2007) . fRR468 was crystallized from solutions of 28% PEG 8000, 0.2 M (NH 4 ) 2 SO 4 , and 0.1 M Tris-HCl (pH 8.5), whereas crystals of BeF 3 À -RR468 were obtained (see the Supplementary Data) in 1.9 M (NH 4 ) 2 SO 4 and 0.1 M Na acetate (pH 4.6). X-ray diffraction In the model, the signal reaches the catalytic core of the HK via helix a1 rotation. This rotation modifies DHp packing and the position of the associated CA domain. The latter domain either approaches the phosphoacceptor His, triggering the autokinase reaction (center), or moves away to generate the appropriate docking surfaces for either the interaction with nonphosphorylated RR, promoting phosphotransfer (right), or the interaction with the P$RR, promoting dephosphorylation (left).
was carried out at 100 K in the ESRF synchrotron (beamlines BM16, BM30A, and ID14-3). Data at three wavelengths were obtained at 2.9 Å resolution for the SeMet labeled complex (Table 1) , allowing MAD phasing. A data set at 2.8 Å resolution with the wild-type complex (no SeMet labeling or HK853 CP I370M/V373M mutations) was used for refinement and model building. fRR468 and BeF 3 À -RR468 crystals diffracted at resolutions of 2.0 and 1.8 Å , respectively, yielding refined models at these resolutions after phasing by molecular replacement using the structure of RR468 in the complex as a model (Table 1) .
Formation of HK853 Heterodimers and Autophosphorylation Assays
Equimolar mixtures (83 mM of each form, in terms of HK subunits) of HK853 FL and HK853 CP (wild-type or mutant forms) were heated at 70 C with 6 M urea in Tris-HCl 50 mM (pH 8.0), followed by gradual urea removal by dialysis versus a solution of 50 mM Tris-HCl (pH 8.0), NaCl 200 mM, and 5% glycerol, resulting in heterodimer formation (confirmed by native-PAGE). HK853 autophosphorylation was assayed in 30 min incubations with [g-32 P]ATP as described (Casino et al., 2007) . PhoR was autophosphorylated in the same way by incubation with [g-32 P]ATP for the indicated periods. The phosphorylated species were identified by native-and SDS-PAGE, followed by phosphorimaging. When indicated, the native gel band of the phosphorylated HK853 FL -HK853 CP heterodimer was excised and subjected to SDS-PAGE.
Phosphotransfer Assays [g-32 P]ATP-autophosphorylated HK853 CP (see above) was diluted 10-fold in ATP-free phosphorylation solution containing an equimolar amount (in terms of subunits) of RR468. After 15 s, 0.25 volumes of SDS-PAGE loading buffer supplemented with 50 mM EDTA were added, and, after SDS-PAGE, radiolabeled bands were visualized and radioactivity was quantified with phosphorimaging.
P$RR468 Dephosphorylation Assay RR468 was phosphorylated with acetylphosphate (Ruiz et al., 2008) , desalted by gel filtration, and mixed at 4 C with a 12-fold lower amount (in terms of subunits) of HK853 CP . After native PAGE at 4 C and Coomassie staining, the fraction of the RR migrating as P$RR was quantified from the digitalized gel image, relative to controls lacking HK.
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